INTRODUCTION
============

MicroRNAs (miRNAs) are an endogenous, noncoding small single-stranded RNAs that have been confirmed to play important roles in the proliferation, development, and maturation of cells ([@R1], [@R2]). Although inhibiting their abnormal expression can slow diseases progression, they do not perform as expected due to lack of methods to target and trigger drug release ([@R3], [@R4]). Conventional detection methods of miRNAs rely on Northern blot or reverse transcription polymerase chain reaction (RT-PCR) ([@R5]). For the regulation methods, liposomal, lentiviruses, or polymers are used as delivery vehicles to transfer drugs or miRNA regulators into cells ([@R6], [@R7]). These methods are time-consuming, expensive, and require technical laboratory training. Furthermore, the detection and regulation methods are completely separated and without any connection, making it still challenging to precisely target drugs to cells of interest. There are few methods that can integrate both detection and regulation into a whole to achieve comprehensive miRNA detection and regulation ([@R8]--[@R10]).

Synthetic macromolecules, such as dendrimers, polymers, and nanoparticles, have been shown to have potential for diagnostic and drug-loading applications ([@R11]--[@R13]). Their structures make it possible to integrate detecting and regulating to achieve targeted therapies not available in traditional methods. However, before using them for biological application, in addition to their own functions, it is important to consider their toxicity, stability, and biocompatibility as exogenous substances in cells ([@R14], [@R15]). DNA can also be used as a building block for structurally tunable nanomaterials, in addition to its principal role of being the carrier of genetic information ([@R16], [@R17]). The programmatic identification and assembly of DNA can achieve precise control of nanomaterial topologies and functions. Besides, DNA-based strategies are more advantageous in in situ detection and regulation, eliminating the need to consider issues such as biocompatibility and toxicity. Among DNA nanostructures, DNA machines have been constructed in an attempt to mimic the working mechanisms of machines at the macro level ([@R18], [@R19]). These DNA machines, such as "walkers," "spiders," "gears," and "tweezers," are constructed via hybridization of nucleic acid strands and may have the structural flexibility required for intelligent biological applications ([@R20]--[@R22]). Benefiting from their response to specific molecules, DNA machines have been applied in biological diagnostics. However, the lack of regulatory features limits current DNA machines to only the detection of the presence or abnormal expression of specific targets, but cannot restore them to normal through further regulation, thereby limiting their development from simple machines to intelligent machines. Judging from the structures of DNA machines, many domains are wasted and can be designed as other functional parts ([@R23], [@R24]). Thus, it is possible to construct a novel DNA machine platform that integrates detection and regulation to innovate the working mode of DNA machines.

We demonstrate the strategy by designing a tetrahedron-shaped DNA intelligent machine to directly target and regulate miRNAs. DNA tetrahedron has been reported to be rapidly endocytosed into cells by the caveolin-mediated pathway and to be maintained substantially in cells for more than 48 hours ([@R25], [@R26]). This machine is designed to detect overexpression of miRNAs and release miRNA inhibitors to regulate their concentrations. Because of the integrated design and calculation, this customizable intelligent DNA machine capable of incorporating sensing motifs with regulating motifs may effectively solve the problem of diagnostic and negative feedback regulation of miRNAs in living cells.

RESULTS
=======

Preparation and characterization of platform of three-dimensional tweezers
--------------------------------------------------------------------------

As shown in [Fig. 1A](#F1){ref-type="fig"}, after slow cooling, the nanostructure of three-dimensional tweezers (TD-tweezers) was synthesized using six single-stranded oligonucleotides. P1 and P2 were partially hybridized to construct the axis of the TD-tweezers. Then, P3, P4, P5 and P6 are partially hybridized with P1 and P2, respectively, to form the four sides of the TD-tweezers, and the middle parts of P5 and P6 were designed to hybridize with the target to control the "on" or "off" state of the TD-tweezers. To verify the efficacy of the TD-tweezers in this experiment, miRNA-34a was used as the target molecule (i.e., the molecule of interest). The process of TD-tweezer construction was displayed using 2% agarose gel electrophoresis ([Fig. 1B](#F1){ref-type="fig"}). After a simple annealing process, the sequences were combined into TD-tweezers (lines 1 to 3) in the form of two chains (P1 + P2), four chains (P1 + P2 + P3 + P4), and complete TD-tweezers (P1 + P2 + P3 + P4 + P5 + P6). In addition, after our target miRNA was introduced, the reduction in electrophoretic mobility decreased due to increased molecular mass and more complex spatial structure (line 4). This result illustrated the successful construction of the TD-tweezers and demonstrated the feasibility of detecting and regulating miRNAs using this structure. The change in fluorescence intensity, caused by the fluorescence resonance energy transfer (FRET) of the fluorophore Cy3 (labeled on the 5′-end of P5 and 3′-end of P6) and the quencher BHQ-2 (labeled on the 3′-end of P5 and 5′-end of P6), was also used to confirm the feasibility of TD-tweezers ([Fig. 1C](#F1){ref-type="fig"}). When the TD-tweezer hybridized with miRNA-34a, the distance between the fluorophore and the quencher increased, increasing the fluorescence intensity of the solution. The fluorescence response to the addition of the miRNA target confirmed the feasibility of the designed nanostructure.

![Design and characterization of three-dimensional tweezers.\
(**A**) Schematic illustration of TD-tweezers synthesis based on internal hybridization of six oligonucleotides. (**B**) A 2% agarose gel to analyze the assembly and conversion of the TD-tweezers. Lane M, DNA ladder; lane 1, strand P1 + strand P2; lane 2, strand P1 + strand P2 + strand P3 + strand P4; lane 3, TD-tweezers; and lane 4, TD-tweezers with target miRNA. (**C**) Fluorescence response under a fluorescence microscope in the presence or absence of target miRNA. (**D**) Time-dependent fluorescence spectra of TD-tweezers and ordinary DNA tweezers in 100 nM miRNA-34a. a.u., arbitrary units.](abb0695-F1){#F1}

Thermodynamics calculations and kinetic analysis
------------------------------------------------

Thermodynamics and kinetics are two important elements to evaluating the feasibility of a chemical reaction, since they are used to determine whether a reaction will take place and the reaction's duration. The whole process is shown in [Fig. 1](#F1){ref-type="fig"} and can be simplified to$$\left. A + 2B\rightarrow C \right.$$where *A* is the TD-tweezers, *B* is the target, and *C* is the product. The entire reaction was carried out in an isothermal and isobaric environment. Therefore, the van't Hoff equation is applicable to this reaction process.$$\mathrm{\Delta}G = \mathrm{\Delta}G_{C} - \mathrm{\Delta}G_{B} - \mathrm{\Delta}G_{A} + \mathit{RT}\text{ln}Q$$where *R* is the gas constant (8.314 J/mol∙K), *T* is the temperature in kelvin unit, and *Q* is the reaction quotient. ∆*G~A~*, ∆*G~B~*,and ∆*G~C~* are the standard free energies under standard conditions, which can be calculated using NUPACK software (Caltech NUPACK team)$$\mathrm{\Delta}G - \mathit{RT}\text{ln}Q = \mathrm{\Delta}G_{C} - \mathrm{\Delta}G_{A} - \mathrm{\Delta}G_{B} = - 25.15~\text{kcal}/\text{mol}$$

When the reaction reaches equilibrium, ∆*G* = 0, ln *Q* = ln*K*, giving$$\mathit{RT}\text{ln}Q = 25.15~\text{kcal}/\text{mol}$$$$Q = 5.398 \times 1017$$

Meanwhile$$K = \frac{\lbrack C\rbrack}{\lbrack A\rbrack{\lbrack B\rbrack}^{2}}$$assuming that initial concentration of target (*B*) is 100 nM and the initial concentration of *A* is *x*. Then, if 99% *B* can hybridize to *A*, then the final concentration of *C* would be 49.5 nM, at which point we can write the following equation$$\frac{49.5 \times 10^{- 9}}{\lbrack(x - 49.5) \times 10^{- 9}\rbrack{(1 \times 10^{- 9})}^{2}} = 5.398 \times 10^{17}$$

Via this method, *x* can be calculated as 141 nM, meaning that 141 nM TD-tweezers is sufficient to achieve a reaction efficiency of 99% of 100 nM targets without considering the reaction time.

Time-dependent fluorescence intensity analysis was performed to study the reaction kinetics in a homogeneous solution. The fluorescence recovery of Cy3 to 100 nM target miRNA was measured at 530 nm for 80 min ([Fig. 1D](#F1){ref-type="fig"}). Since the fluorescence intensity of TD-tweezers itself slowly decreased over time, the difference in value between blank TD-tweezers and miRNA-34a hybridization TD-tweezers was used to analyze the reaction kinetics. Upon addition of target miRNA-34a to the TD-tweezer solution, a time-dependent substantial increase in fluorescence was observed (black line). These results demonstrated that the hybridization of miRNA-34a to TD-tweezers completed in 15 min, indicating that TD-tweezers rapidly responded to the target molecule. On the other hand, because the design inspiration came from the traditional DNA machine (DNA tweezers), we also designed a solution of traditional DNA tweezers ([@R27], [@R28]) (fig. S1) and recorded their response kinetics for 80 min to 100 nM target miRNA. Compared with DNA tweezers in a homogeneous solution (red line), TD-tweezers resulted in a higher fluorescence enhancement. The fluorescence enhancement of our TD-tweezers is 2.6 times higher than that of traditional DNA tweezers, which is consistent with the quantitative difference in fluorophores. Thus, the complex nanostructure of TD-tweezers did not influence the reaction efficiency, and the double FRET-based probe design produced a significant fluorescence enhancement.

In vitro studies of TD-tweezers
-------------------------------

After demonstrating the successful construction and hybridization reaction of TD-tweezers, detection performances of the structure were investigated in the following experiments since detection is the basis of regulation. First, we monitored the fluorescence intensity changes of the TD-tweezers as the concentration of miRNA-34a was increased. As shown in [Fig. 2 (A and B)](#F2){ref-type="fig"}, as the concentration of miRNA target increased, a gradual enhancement of fluorescence emission peak was observed. Upon the addition of miRNA target, the fluorescence emission intensity increased rapidly, while the TD-tweezers displayed only low fluorescence signals in the absence of the miRNA target, and the fluorescence intensity of TD-tweezers alone is significantly different from that of the TD-tweezers that hybridize to miRNA-34a. [Figure 2C](#F2){ref-type="fig"} illustrates the positive linear relationship observed between fluorescence intensities and miRNA-34a concentrations. The limit of detection (LOD) was calculated to be 1.499 nM based on the 3σ/slope rule. This indicated that our DNA intelligent machines could effectively hybridize to the target miRNA and correspondingly changed the structure from "signal off" to "signal on," resulting in high fluorescence signals. And, a linear relationship between fluorescence intensities and miRNA-34a concentration was also detected when using traditional DNA tweezers (fig. S2), and in this case, the LOD was 5.4941 nM according to 3σ/slope rule. The slightly lower LOD of TD-tweezers indicated that changes in nanostructure do not affect the efficiency of DNA tweezers, and the design of double fluorophores actually helped to improve the sensitivity, which is consistent with the assumptions made during kinetic analysis.

![Detection performance of TD-tweezers in vitro and their feasibility in vivo.\
(**A**) Fluorescence responses in the presence of different concentrations of miRNA-34a. (**B**) The relationship between fluorescence intensities and target miRNA concentrations. (**C**) The linear relationship between signals and miRNA concentrations. (**D** and **E**) Selectivity of TD-tweezers toward single-base mismatched miRNA, double-bases mismatched miRNA, three-bases mismatched miRNA, and different types of miRNAs (miR-21, miR-27, and miR-155). (**F** and **G**) Fluorescence characterization of TD-tweezers and DNA tweezers degradation by incubating in 10% fetal bovine serum for the stated times. (**H**) Cell viability assay (CCK-8): K562 cells treated with TD-tweezers (50 and 100 nM) for 2, 4, 6, 12, and 24 hours at 37°C.](abb0695-F2){#F2}

In addition to sensitivity, specificity is another crucial parameter that needs to be evaluated before using TD-tweezers as an effective detection method. To test the specificity of TD-tweezers, single-base mismatched miRNA-34a, double-bases mismatched miRNA-34a, three-bases mismatched miRNA-34a, and other three miRNAs (miRNA-21, miRNA-27, and miRNA-155) were designed as contrastive substances ([Fig. 2, D and E](#F2){ref-type="fig"}). In these tests of miRNA-34a--targeted TD-tweezers, only miRNA-34a triggered the reaction effectively and showed enhanced fluorescence, with all the other miRNAs showing negligible fluorescence responses. In addition, the normal DNA tweezers also showed the same ability to recognize target miRNA-34a (fig. S3). The above results indicated that TD-tweezers have enough reliable specificity to distinguish target miRNAs from similar molecules, effective enough to reduce false positives. In vitro experiments with TD-tweezers and traditional DNA tweezers show that the performance of the designed TD-tweezers is sufficient for use as DNA machines.

The stability and biocompatibility of TD-tweezers
-------------------------------------------------

The biggest challenges faced when applying many DNA intelligent machines to intracellular detection are instability and lack of biocompatibility, because these properties determine whether the probes can be delivered into cells, work properly, and function without producing false-positive signals ([@R29], [@R30]). Before the application of TD-tweezers in the intracellular environment, the stability of TD-tweezers was first investigated by incubating them with 10% fetal bovine serum (FBS) to simulate physiological conditions. As shown in [Fig. 2 (F and G)](#F2){ref-type="fig"}, the fluorescence intensities of TD-tweezers hardly changed during the 0- to 8-hour incubation in 10% FBS, indicating that the TD-tweezers may effectively resist damages caused by the environment. However, when traditional DNA tweezers were incubated in the presence of 10% FBS, an obvious increase in fluorescence intensity was observed after 6 hours of incubation. It is believed that the biological stability of TD-tweezers could be improved via the steric hindrance effect of the designed backbone structure. Nevertheless, the electrophoretic characterization of TD-tweezers also showed no degradation and that the tweezers could maintain their conformation at least 12 hours (fig. S4). These results indicated that TD-tweezers were more stable than the traditional DNA tweezers and could be used in complex biological samples.

Good biocompatibility is another crucial feature for the application of TD-tweezers to in vivo detection and regulation. Therefore, a standard colorimetric Cell Counting Kit-8 (CCK-8) assay was performed on K562 cells ([Fig. 2H](#F2){ref-type="fig"}). Different concentrations of TD-tweezers (50 and 100 nM) were incubated with K562 cells for a period of time (2, 4, 6, 12, and 24 hours). It was observed that the viability of K562 cells was approximately 100%, and no obvious cytotoxicity or side effects in living cells occurred as the result of TD-tweezer incubation. These results confirmed that TD-tweezers exhibited excellent biocompatibility and could potentially provide reliable results during intracellular detection and regulation.

In vivo study of TD-tweezers
----------------------------

Encouraged by their success in biological stability and biocompatibility, we further studied the ability of TD-tweezers to function in living cells. To confirm the stability of TD-tweezers and traditional DNA tweezers in vivo, K562 cells were incubated with TD-tweezers or traditional DNA tweezers for 2, 4, 6, 8, and 10 hours (fig. S5). TD-tweezers maintained their fluorescence intensity within the cells for 6 hours, and then this intensity increased rapidly, indicating that the nanostructure could resist the damages caused by enzymes or other molecules for 6 hours. This time was shorter than that observed for TD-tweezers in 10% FBS, since the environment of cells is more complex than that of FBS. In contrast, the fluorescence of traditional DNA tweezers initially increased and gradually stabilized after 8 hours. These results validated our previous assumption that normal DNA tweezers would be destroyed in cells and, therefore, produce fluorescence. These results, combined with the results of a previous in vitro stability experiment, confirmed the ability of TD-tweezers to maintain their structure and function in vitro and in vivo. Therefore, TD-tweezers are believed to be useful as probes in intracellular applications.

K562 cells (human myeloid leukemia cells) were used to verify the feasibility of TD-tweezers in an in situ visualization of intracellular miRNA-34a ([@R31], [@R32]). Before the application of TD-tweezers in vivo, the appropriate incubation times and concentrations were studied to ensure optimal reaction conditions (fig. S6). The fluorescence intensity was monitored in the living cells, demonstrating that the fluorescence signals gradually increased with increasing incubation time and stabilized at 2 hours. These results indicated that this time point could be used as the optimal reaction time for the subsequent experiments. In addition, by incubating TD-tweezers with different concentrations of cells, the fluorescence signals increased with increasing cell mass, indicating that the optimal cell concentration for detecting reaction was higher than 1 × 10^5^ cells/ml.

Live-cell imaging of TD-tweezers
--------------------------------

The in vivo detection process is briefly illustrated in [Fig. 3A](#F3){ref-type="fig"}, where TD-tweezers hybridized with target miRNAs to produce a stronger fluorescence. The potential of TD-tweezers for the quantitative evaluation of miRNAs in living cells needed to be evaluated, as miRNA expression levels vary within same cancer cells during various stages of tumorigenesis. To test this in our study, K562 cells were divided into the following three groups: a group treated with miRNA-34a mimic (aimed at increasing miRNA-34a expression), a group treated with miRNA-34a inhibitor (aimed at decreasing miRNA-34a expression), and an untreated control group. The fluorescence was observed from cells incubated with 100 nM TD-tweezers for 2 hours. A strong red fluorescence signal of Cy3 was observed in the miRNA-34a--overexpressing group, while cells with low expression of miRNA-34a exhibited faint fluorescence signals under the same conditions ([Fig. 3B](#F3){ref-type="fig"}). Untreated K562 cells expressed fluorescence signals intermediate to the previous two. These results suggested that this strategy was appropriate for detecting miRNA expression levels in living cancer cells. To confirm the accuracy of these intracellular imaging results, the quantified fluorescence intensities of each cells were counted ([Fig. 3C](#F3){ref-type="fig"}) and compared with the result of RT-PCR (fig. S7). The same trend indicated that TD-tweezers were able to detect miRNA expression semiquantitatively.

![Study of TD-tweezers for detecting miRNAs in vivo.\
(**A**) Schematic illustration of the mechanism of TD-tweezers for specific miRNA detection in living cells. (**B**) Confocal fluorescence imaging of TD-tweezers to detect miRNA-34a in K562 cells treated with miRNA-34a mimic, K562 cells treated with inhibitor, and untreated K562 cells. (**C**) Fluorescence intensity of the K562 cells treated with miRNA-34a mimic, K562 cells treated with inhibitor, and untreated K562 cells. (**D**) Confocal fluorescence imaging of TD-tweezers for detection of miRNA-34a in K562 cells, Mino cells, and Jurkat cells. (**E**) Fluorescence intensity of the K562 cells, Mino cells, and Jurkat cells. Scale bars, 10 μm.](abb0695-F3){#F3}

After verifying that TD-tweezers were able to recognize the aberrant expression of miRNA-34a, it was necessary to investigate whether they could simultaneously be applied to detect the expression of miRNA-34a and image it in cells. Since the expression level of miRNA is different in different cell lines, Jurkat and Mino cells were used to investigate whether TD-tweezers could be applied to different cell lines. As shown in [Fig. 3D](#F3){ref-type="fig"}, an obvious miRNA-34a fluorescence signal was observed in K562 cells, but almost no fluorescence signal was observed in Jurkat cells and Mino cells. The fluorescence intensity of K562 cells was 11.7 and 5.3 times that of the Jurkat and Mino cells, respectively ([Fig. 3E](#F3){ref-type="fig"}). The standard RT-PCR further confirmed that the expression levels of miRNA-34a in these three groups of cells were consistent with the results of intracellular detection (fig. S7). Similarly, traditional DNA tweezers were also incubated in the above cells, as shown in figs. S8 and S9. Although red fluorescence signals were observed, there was no significant difference among the three groups of cells with different expression levels of miRNA-34a. These consistent fluorescence signals may have been generated by the spontaneous disassembly of the tweezers, as it is difficult for traditional DNA tweezers to maintain their structures in vivo. Overall, these findings indicated that TD-tweezers were able to distinguish target miRNA expression levels in different cells.

Living cell regulation of TD-tweezers
-------------------------------------

In addition to TD-tweezers for miRNA imaging in living cells, regulatory sections can also be introduced into the structure of TD-tweezers since the advantage of the modular DNA intelligent machine platform is that other modules can be added to its structure. As shown in [Fig. 4A](#F4){ref-type="fig"}, miRNA regulatory moieties were added by replacing miRNA inhibitors with P3 and P4. Hybridization of the target miRNA and TD-tweezers allows the fixed area of the inhibitors to be replaced, thereby facilitating their release. The introduction of this part enables the TD-tweezers to release miRNA inhibitors while detecting miRNA and play a role in regulating miRNA expression. The electrophoresis result showed that TD-tweezers added with regulatory modules met our expectation ([Fig. 4B](#F4){ref-type="fig"}). The addition of miRNA can open their structure and release their inhibitors, which are a special type of sequences that can hybridize with miRNAs. Since the sequences of miRNA inhibitors are longer than those of miRNAs, the electrophoretic mobility increases after the regulatory reaction, and the bands where the released inhibitors and the miRNAs hybridize are also displayed (line 7).

![Study of TD-tweezers for regulating miRNAs in vivo.\
(**A**) Schematic illustration of the mechanism of TD-tweezers for specific miRNA regulation in living cells. (**B**) Electrophoresis result to verify the construction of regulatory TD-tweezers. Lane M, DNA ladder; lane 1, target miRNA; lane 2, miRNA inhibitor; lane 3, the hybridization of miRNA and inhibitor; lanes 4 to 6, the process of the construction of regulatory TD-tweezers; and lane 7: the regulatory TD-tweezers reacted with target miRNA. (**C**) The changes of downstream mRNA expression after the function of regulatory TD-tweezers. (**D**) The changes of downstream protein expression after the function of regulatory TD-tweezers.](abb0695-F4){#F4}

To verify whether the regulatory part played its intended role, the related biological reactions were detected. As we all know, miRNAs could regulate gene expression at the posttranscriptional level by inhibiting mRNA transcription. Therefore, the expression of downstream genes and proteins can be used to determine whether miRNAs were regulated by TD-tweezers. Therefore, we designed miRNA-34a--, miRNA-188--, miRNA-574--, and miRNA-152--related TD-tweezers and detected the expression of related mRNAs and proteins by PCR and Western blot ([@R33]--[@R35]). As can be seen in [Fig. 4 (C and D)](#F4){ref-type="fig"}, the mRNA expression levels were up-regulated after miRNAs are inhibited. This is because miRNAs act as trans-acting factors in gene regulation, so miRNA inhibitors can reduce the effect of miRNAs on downstream gene expression. Similarly, the expression of corresponding proteins also increased with increasing mRNA expression. Since the expression levels of downstream genes are affected by many factors, the efficiency of the designed regulatory platform is limited, which indicated that the process of cell activity is much more complicated than that of machines. The multifarious potential of TD-tweezers stimulated us to develop them as a universal DNA intelligent machine for working autonomously in living cells, similar to macro-level intelligent machines.

Clinical application of TD-tweezers
-----------------------------------

The good performance of this DNA intelligent machine in living cells motivated us to further investigate its feasibility in blood. Leukocytes, which were extracted from blood after centrifugation, expressed different fluorescence intensity between samples acquired from patients with myeloid leukemia and healthy individuals ([Fig. 5](#F5){ref-type="fig"}) ([@R36], [@R37]). The leukocytes from patients with myeloid leukemia expressed high fluorescence signals, while no apparent fluorescence signal was observed in that of healthy individuals. Quantitative analysis showed that the myeloid leukemia cells generated 4.3-fold higher fluorescence than that of the healthy individuals. The satisfying performance of TD-tweezers in blood further increases our confidence in applying these machines in intracellular molecule detection and regulation. Therefore, we believe that our design of TD-tweezers will contribute to the intracellular biological location of miRNAs or other specific molecules and promote the development of DNA intelligent machines for in vivo applications. Moreover, TD-tweezers may even be used as an miRNA regulation method due to their modular characteristics and ability to react to the environment.

![Application of TD-tweezers in clinic.\
(**A**) Simple illustration of the detection process with whole blood. I, centrifugation; II, separation; and III, incubation with TD-tweezers. (**B**) Fluorescence intensity of myeloid leukemia sample and normal sample. (**C**) Confocal fluorescence imaging of myeloid leukemia sample and normal sample. Scale bar, 10 μm.](abb0695-F5){#F5}

DISCUSSION
==========

In summary, we have designed a modular DNA intelligent machine that can respond to specific miRNAs targets within living cells. With precise design and calculation, TD-tweezers were formed with high efficiency and could achieve complete hybridization with miRNA targets. Because of the unique DNA tetrahedral framework, TD-tweezers showed significantly enhanced biological stability and cellular delivery efficiency, which are prerequisites for DNA intelligent machine use in in vivo applications. In addition, the modular design allows us to add components such as regulatory components to their original structure. We have successfully demonstrated their detection functions and miRNA regulatory function in vivo. In addition to miRNAs inhibitors, these TD-tweezers may also carry other regulatory molecules and even drugs. The in vivo multifunction of this designed DNA intelligent machine can promote the development of DNA intelligent machines and further improve them to intelligent machines. Furthermore, with the assistance of the sustained-release or targeted-release structures, the TD-tweezers will hopefully work more accurately and be put to practical application in the future. In brief, this modular functional platform is a new attempt to realize comprehensive detection and regulation of biomolecules in the future.

MATERIALS AND METHODS
=====================

Materials
---------

All oligonucleotides were synthesized by Sangon Biotech Co., Let (China), and TaKaRa Biotechnology (China). miRNA-34a mimic and miRNA-34a inhibitor were purchased from Genechem (China). CCK-8 was purchased from DOJINDO (Japan). MiRNeasy Mini Kit, miScript II RT Kit, and miScript PCR Starter Kit were obtained from QIAGEN Bioinformatics (Germany). RPMI-1640 medium and FBS were purchased from Biological Industries (USA). Penicillin-streptomycin was obtained from Biosharp (China). The human myeloid leukemia cells K562, mantle cell lymphoma cells Mino, and acute T cell leukemia cells Jurkat were from our laboratory preservation. All chemical reagents used were of analytical grade.

Instruments
-----------

Gel electrophoresis analysis was carried out on a Bio-Rad Electrophoresis System and imaged on Bio-Rad ChemDoc XRS (Bio-Rad, USA). The fluorescence spectra and CCK-8 assay were recorded using a Thermo Scientific Variskan Flash (Thermo, USA). RT-PCR was performed on an ABI 7500 Real-Time PCR machine (ABI, Applied Biosystems, USA). The confocal fluorescence imaging was performed on a Zeiss LSM780 laser scanning confocal microscope (Zeiss, Germany).

Preparation of TD-tweezers and normal DNA tweezers
--------------------------------------------------

TD-tweezers consist of six custom single-stranded oligonucleotide strands (P1, P2, P3, P4, P5, and P6; P3 and P4 are replaced by special miRNA-related inhibitors when we constructed regulatory TD-tweezers). DNA tweezers consist of four single-stranded oligonucleotide strands (D1, D2, P3, and P5). In brief, these oligonucleotides were mixed in an equal molar ratio in buffer (10 mM tris-HCl, 1 mM EDTA, and 20 mM MgCl~2~). The final concentration of 1 μM solution was heated to 95°C for 10 min, and then slowly cooled to room temperature and kept at 4°C for further use. Then, the successful formations of TD-tweezers and DNA tweezers were verified using electrophoresis.

Fluorescence measurements
-------------------------

For the kinetic assays, TD-tweezers were incubated with miRNA-34a, and the fluorescence emission signal per minute was recorded. For the sensitivity experiment, different concentrations of miRNA-34a were incubated with synthetic TD-tweezers. After incubation for 1 hour at 37°C, the fluorescence spectra of 560 to 620 nm were measured at an excitation wavelength of 530 nm. For the specificity experiments, single-base mismatched miRNA-34a, double-bases mismatched miRNA-34a, three-bases mismatched miRNA-34a, miRNA-21, miRNA-27, miRNA-155, and miRNA-34a were separately added to the solution containing TD-tweezers, incubated at 37°C for 1 hour, and the fluorescence emission spectra were then collected. For the stability experiment, we incubated TD-tweezers with 10% FBS continued recording the signal of Cy3 for 8 hours. For comparison with the traditional DNA tweezers, we also performed all of the above experiments using DNA tweezers.

Cell culture
------------

K562 cells and Jurkat cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin, and Mino cells were cultured in RPMI-1640 medium containing 15% FBS and 1% penicillin-streptomycin. All cells were incubated in 5% CO~2~, 37°C incubator.

CCK-8 assay
-----------

K562 cells (100 μl per well) were incubated within 96-well microtiter plates for 24 hours at 37°C in 5% CO~2~. Then, cells were treated with different concentrations of TD-tweezers (0, 50, and 100 nM) and incubated for 2, 4, 6, 12, and 24 hours. Subsequently, 10 μl of CCK-8 solution was added into each well. After incubation at 37°C in 5% CO~2~ for 1 hour, the cytotoxic effects were determined by measuring the absorbance at optical density (OD) 450 nm.

Uptake of miRNA-34a mimic and inhibitor
---------------------------------------

Eighty-six microliters of K562 cells (10^5^ cells/ml) was incubated with 10 μl of miRNA-34a mimic \[3 × 10^7^ toxic unit (TU)/ml\] or inhibitor. Besides, 4 μl of HitransG A was added to promote the efficient lentivirus infection of cells. These cells were incubated at 37°C in 5% CO~2~ for 72 hours, and 100 μl of RPMI 1640 medium containing 10% FBS was added daily to ensure the normal cell growth. RT-PCR was used to verify the results of cells treated with mimic and inhibitor.

RT-PCR analysis
---------------

Total cellular miRNA was extracted using the miRNeasy Mini Kit according to the manufacturer's instruction. For detecting expression miRNAs, the complementary DNA (cDNA) samples were prepared using the miScript II RT Kit. In addition, RT quantitative PCR (qPCR) analysis was performed with the miScript PCR Starter Kit. For detecting the expression of mRNAs, the cDNA samples were prepared using the QuantiNava Reverse Transcription Kit, and RT-qPCR analysis was performed with QuantiNava SYBR Green PCR Kit. The primers used in these experiments are listed in table S1. All the results of miRNAs/mRNA expression were evaluated by normalizing the expression of U6/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and using the 2−ΔΔ*C*~t~ method.

Western blot
------------

Proteins were extracted from cells treated with miRNA-34a--, miRNA-188--, miRNA-574--, miRNA-152--related TD-tweezers for 48 hours and quantified using the BCA (bicinchonininc acid) assay. Then, the proteins were separated by 12% SDS--polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. After a period of incubation with antibodies for a short period of time, the immunoreactive bands were visualized and observed.

Confocal fluorescence imaging
-----------------------------

All cells were seeded on confocal culture dishes for 24 hours. Then, TD-tweezers or DNA tweezers were added and incubated with cells for 2 hours at 37°C in 5% CO~2~. After washing twice with PBS, three volumes of 4′,6-diamidino-2-phenylindole (DAPI) (5 μg/ml) were mixed with washed cells and incubated for 1 hour. Confocal fluorescence imaging was performed on a Zeiss LSM780 laser scanning confocal microscope. For the semiquantitative experiment, miRNA-34a mimic-- or inhibitor--treated cells and untreated K562 cells were used. For the specificity experiment, K562 cells, Mino cells, and Jurkat cells were used. For the stability experiment, TD-tweezers or DNA tweezers were incubated with K562 cells for 2, 4, 6, 8, and 10 hours at 37°C in 5% CO~2~.

Preparation and detection of blood samples
------------------------------------------

Serums were obtained from healthy volunteers and patients with myeloid leukemia at the Southwest Hospital of Army Medical University with ethical approval. The whole samples were dealt with red blood cell lysis buffer according to the manufacturer's instruction, and the obtained white cells were washed with PBS and resuspended by RPMI-1640 medium supplemented with 10% FBS. Ten microliters of cells (\>10^5^/ml) was incubated with 10 μl of TD-tweezers (10 μM) for 2 hours at 37°C in 5% CO~2~, and the results were imaged by a confocal microscope.
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